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Summary 
The present study has examlned the molecular events 
leading to formation of ap dlmers In normal murlne 
thymocytes and mature T cells. We demonstrate that 
TCR assembly proceeds by inltial association of TCRa 
with CD3& proteins and by association of TCRp with 
CDB~E proteins to form a& and fly& tfimers; these tri- 
men, then associate to form ai%gys complexes, within 
which a-p disutfide bond formation occurs. We also 
show that TCR-associated protein (TRAP) associates 
uniquely with CD~TE pairs and that formation of BYE 
trimen occurs subssquent to TRAP dissociation. Im- 
portantly, we document that the assembly step that is 
quantitatively limiting in CD4+CD8+ thymocytes Is the 
initial association of TCRa with CD368 chains, which 
appears necessary to protect nascent TCRa protelns 
from accelerated degradation wlthin the ER of imma- 
ture thymocytes. 
Introduction 
The T cell antigen receptor (TCR) is a multisubunit com- 
plex composed of at least six different proteins from three 
distinct protein families: clonotypic a and /3 proteins, which 
are expressed as disulfide-linked heterodimers and deter- 
mine the recognition specificity of the complex; invariant 
CD3 chains, which consist of noncovaiently associated 
pairs of CD3ys and CD& proteins; and c family proteins, 
which exist either as disulfide-linked I;-(; homodimers or 
c-x heterodimers (Baniyash et al., 1988). The intracellular 
transport and expression of TCR proteins is a direct func- 
tion of their assembly status. Unassembled CD3 and 
TCRab proteins and partial complexes of CD3 compo- 
nents are retained within the endoplasmic reticulum (ER), 
and, depending upon the particular chain, degraded (Chen 
et al., 1988; Lippincott-Schwattzet al., 1988). intermediate 
TCR aBy& TCR complexes lacking <exit the ER and tran- 
sit through the Golgi system; however, they are targeted 
to lysosomes for degradation. Only complete TCR com- 
plexes containing all three families of TCR proteins are 
efficiently transported to the plasma membrane (Minami 
et al., 1987; Sussman et al., 1988; Wileman et al., 1990; 
Hall et al., 1991). 
While much is known about the intracellular fate of indi- 
vidual TCR proteins, the molecular interactions important 
in the initial assembly of TCR complexes within the ER 
remain poorly understood. In particular, it is unclear 
whether disulfide bridging of TCRafl proteins occurs be- 
fore or after their association with CD3 chains (Bonifacino 
et al., 1988a; Manolios et al., 1991; Alarcon et al., 1988; 
Koning et al., 1988). The transmembrane domains of both 
TCRa and TCRfl proteins contain positively charged 
amino acid residues that would be expected to interfere 
with their assembly so that direct pairing of ap polypep 
tides has been considered to be highly unfavorable 
(Green, 1991; Klausner et al., 1990). Recently, it was sug 
gested that charge repulsions between TCRa and TCRfl 
transmembrane regions might be neutralized by assembly 
of individual a and 0 proteins with CD3 components, since 
the transmembrane region of each CD3 chain contains 
a negatively charged amino acid residue (Green, 1991; 
Cosson et al., 1991; Manolios et al., 1991). Evidence that 
individual TCRafl polypeptides can interact directly with 
CD3 chains has been obtained from experiments in which 
fibrobiasts were transfected with individual TCR cDNAs 
(Bonifacino et al., 1990; Cosson et al., 1991) and from 
studiesof humanTleukemias(Alarconet al., 1988; Koning 
et al., 1988). However, direct evidence has been lacking 
that formation of disulfide-linked ap dimers occurs after 
the association of individual TCRa@ proteins with CD3 
components. Indeed, despite theoretical charge consider- 
ations, experiments using fibroblasts transfected with 
cDNAs encoding murine TCRa and TCRp polypeptides 
demonstrated clearly that formation of disulfidelinked afl 
dimers can occur efficiently in the absence of any other 
TCR components (Bonifacino et al., 1988a; Manolios et 
al., 1991). 
Recently, we have found that formation of disulfide- 
linked afl dimers is markedly limited in immature CD4+CD8+ 
thymocytes because nascent TCRa proteins are uniquely 
unstable in the ER of immature thymocytes, having a half- 
life of only 15 min in immature thymocytes, compared with 
a half-life in excess of 75 min in mature T cells (Kearse 
et al., 1994a). To enhance our understanding of the TCR 
assembly steps that are impaired in immature thymocytes, 
we undertook the present study to identify the molecular 
interactions that lead to formation of disulfide-linked ap 
dimers in normal murine thymocytes and mature T cells. 
Results 
Two models can be considered regarding formation of ab 
dimers in T cells: a CDSindependent afi dimerization 
model and a CD3-associated ab dimerization model (Fig 
ure 1). The two models are distinguishable in that the CD3 
associated ap dimerization model predicts that TCRa 
monomers are associated with CD3 components prior to 
their association with TCRB chains (Figure 1, asterisk), 
and both TCRa and TCRB monomers are assembled into 
a complex with CD3components priorto afi disulfide bond- 
ing (Figure 1, double asterisk). In the current study, we 
evaluate these two aB dimerization pathways in immature 
and mature T cells. 
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Figure 1. CDSlndependent and CD3Assocfated a3 Dim&&ion 
Models 
Model illustrating two pathways of disulffde-finked a3 dimer formation 
in murine T lymphocytes. In the CD34ndependent model (left), a and 
3 proteins dtsulftde link prior to assembly with CD3 components; con- 
sequently, nascent TCRa proteins assembled with CD3 chains exist 
excfusfvely as dtulfide-linked a3 dimers. In contrast, the CD3 
associated model predicts the existence of TCRa monomers that are 
associated with CD3 components prior to their association with TCR3 
chains (right. asterisk), and also predicts that TCRa monomers associ- 
ate with TCRf3 chains prior to the formation of a3 disulfide bonds (right, 
double asterisk). Disulfide bonds are indicated by solid black bars. 
Monomeric TCRa Proteins initiaiiy Assemble with 
CD3 Components in both immature CD4+CD8+ 
Thymocytes and Spienic T Ceils 
Because formation of a/3 dimers in both CD4+CD8+ thymo- 
cytes and spienic T cells involves the pairing of newly 
synthesized a partner chains with preexistent 8 partner 
chains (Kearse et al., 1994b), our initial studies focused 
on the assembly of newly synthesized a partner chains 
into disulfide-iin ked a8 dimers. To assess the dimerization 
status of CD3associated TCRa proteins, we devised a 
novel immunoprecipitation/reiease/recapture protocol (Fig 
ure 2) In these experiments, metabolically labeled digito- 
nin iysates were first immunoprecipitated with anti-CDS& 
monoclonal antibody (MAb) to capture CD3associated 
TCRa proteins; precipitates were then boiled in 1% SDS 
to release antibody-bound proteins; NP40 lysis buffer was 
added to counteract the SDS detergent, and released pro- 
teins were then reprecipitated with anti-TCRa MAb to re- 
capture TCRa molecules specifically (Figure 2). Analysis 
of recaptured material on SDS-PAGE gels under nonre- 
ducing conditions identifies the dimerization status of 
TCRa proteins originally assembled with CD3 compo- 
nents. Results of such immunoprecipitation/release/recap 
ture experiments are presented in Figure 3. As is evident, 
metabolically labeled CD3-associated TCRa proteins did 
exist both as disuifide-linked a8 dimers and a monomers 
in CD4+CD8+ thymocytes and spienic T cells (Figure 3A), 
as predicted by the CDSassociated ab dimerization model 
(Figure 1, asterisk). During the chase period, CD3associ- 
ated TCRa monomers became disulfide-linked to TCR8 
proteins as the amount of CD3-associated a monomer 
Figure 2. lmmunoprecipftation/Reiease/&capture Protocol 
To assess the dimerization status of newly synthesized TCRa proteins 
associated with CD3 components, metabolically labeled lysates are 
first immunoprecipitated with antiCD3c MAb to capture CD3-assocL 
ated TCRa proteins (immunoprecipltation); precipitates arethen boiled 
in 1% SDS to release antibody-bound proteins (release); NP-tO lysis 
buffer is added to counteract the SDS detergent, and released proteins 
are then reprecipitated with anti-TCRa MAb to recapture TCRa mole- 
cules specifically (recapture). Analysis of recaptured material on SDS- 
PAGE gels under nonreducing conditions identifies the dimerization 
status of TCRa proteins originally assembled with CD3 components. 
decreased, while the amount of CD3associated a8 dimer 
compensatorily increased (Figure 3A). The virtual absence 
of CD3associated TCRa monomers in the chase samples 
serves to document that our experimental protocol, which 
does not expose immunoprecipitates to reducing agents 
such as P-mercaptoethanol or dithiothreitol, preserves the 
integrity of disulfide-linked a8 dimers. Thus, these experi- 
ments demonstrate that nascent TCRa monomers assem- 
ble with CD3 proteins in both CD4+CD8+ thymocytes and 
mature T cells and, importantly, that CD3associated TCRa 
monomers represent an intermediary in the formation of 
CDSassociated a8 heterodimers in both immature and 
mature T cells, two findings that are unique predictions of 
the CD3-associated a8 dimerization model (see Figure 1). 
To confirm these results, we wished to assess the dimer- 
ization status of TCRa proteins at an early timepoint prior 
to their association with CD3. In this experiment, splenic 
Tceils were metabolically labeled for only 5 min and TCRa 
proteins examined at various timepoints afterward by our 
immunoprecipitationlreleaselrecapture protocol (Figure 
36). As expected, the vast majority of TCRa proteins at the 
end of the short pulse period were not CD3associated, 
as they were not precipitated by anti-CD3s MAb (Figure 
36). Interestingly, “free” TCRa proteins existed only as a 
monomers, even after sufficient time had elapsed for a8 
dimers to form among CDSassociated TCRa proteins 
(Figure 38, right lanes), a result consistent with the CD3 
associated dimerization model (see Figure 1). Surpris- 
ingly, the 5 min metabolic labeling period was itself suffi- 
cient for a small number of TCRa proteins to become 
CD3associated and even to form CDB-associated a8 
dimers (Figure 38, left panels). CD3-associated TCRa 
monomers and CD3associated a8 dimers quantitatively 
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Figure 3. Both a8 Dimers and a Monomers Are Assembled with CD3 
Chains in CD4+CDE+ Thymocytes and Splenic T Cells 
(A) CD8assooiated TCRa proteins were isolated from radiolabeled 
lysates of CD4+CD8+ thymocytes and splenic T cells as described in 
Figure 2. Samples were analyzed on one-dimensional SDS-PAGE 
gels under nonreducing condttions. The positions of TCRa monomers 
and TCRaf3 dimers are indicated. Analysis of such precipitates on 
twodlmensional NEPHGUSDS-PAGE gels revealed only radiola- 
beled TCRa proteins but not radiolabeled TCR8 proteins (Kearse et 
al., 1994b), indicating that each band solely reflected the amount of 
nascent TCRa proteins present. It should also be appreciated that the 
relative amounts of a8 dimerization occurring in splenic T cells relative 
to CD4+CD8+ thymocytes is markedly underestimated in these expsri- 
merits because of unlabeled a protein pools, which exist in mature 
splenic T cells but do not exist in immature CD4+CD8+ thymocytes 
(Kearse et al., 1994b). 
(B) SplenicTcellswere pulse-tabeledfor5 min and chased forthe time 
period indicated. CD8associated TCRa proteins and unassembled 
TCRa proteins were isolated from digitonin lysates and analyzed on 
one-dimensional SDS-PAGE gels under nonreducing conditions. The 
positions of TCRa monomers and TCRa9 dlmers are indicated. 
increased during the chase period8 in amounts commen- 
surate with the decrease in free TCRa monomers (Figure 
38) demonstrating the assembly of free TCRa monomer8 
into CD3associated TCRa monomers and then CD3 
associated af3 dimers. 
Monomeric TCRa Proteins Are Assembled with 
TCRp Chains in both Immature CD4+CD8+ 
Thymocytes and Mature T Ceils 
The CD3-associated ag dimerization model predicts the 
existence of two unique TCRa containing complexes not 
found in the CD3-independent af3 dimerization model: an 
t 1 
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Figure 4. Monomeric TCRa Proteins Are Assembled with CD3 and 
TCRfl Chains in CD4+CD8+ Thymocytes and Splenic T Cells 
Digitonin lysates of metabolically labeled CD4+CD8+ thymocytes and 
splenic T cells were precipitated with the indicated antibodies. Bound 
material was released by boiling in 1% SDS. Excess 1% NP-48 lysis 
buffer was added and released material was immunoprecipitated with 
anti-TCRa MAb to recapture TCRa proteins. Samples were analyzed 
on one-dimensional SDS-PAGE gels under nonreducing conditions. 
The positions of TCRa monomers and TCRa8 dimers are indicated. 
intermediate complex containing TCRa monomer8 asso- 
ciated with CD3& proteins (see Figure 1, asterisk), and 
a protein complex consisting of CDS-associated a and 3 
monomer8 prior to the formation of the a3 disuifide bond 
(see Figure 1, double asterisk). Consequently, we next 
determined whether such complexes could be detected 
in immature CD4+CD8+ thymocytes and mature spienic T 
ceils. in the experiment displayed in Figure 4, metaboii- 
caily labeled TCRa proteins that had been released from 
either anti-CD38 or antLTCRf3 immunoprecipitates were 
recaptured with anti-TCRa MAb and analyzed by one- 
dimensional SDS-PAGE under nonreducing conditions. 
As demonstrated, TCRa proteins were recaptured from 
both antiCD3s and anti-TCRf3 immunoprecipitations, which 
existed as both disuifide-linked af3 dimers and as a mono- 
mers (Figure 4, lanes 1,2). in contrast, TCRa proteins were 
not captured from proteins released from anti-V immuno- 
precipitates, demonstrating the specificity of our release 
and recapture protocol (Figure 4, lane 4). initial immuno- 
precipitation with anti-TCRf3 MAb precieared CD3associ- 
ated af3 dimers isolated in sequential anti-CD38 precipi- 
tations, as expected, since these complexes contained 
TCRf3 chains (Figure 4, compare lanes 1 and 3). Most 
importantly, initial immunoprecipitation with anti-TCR3 
MAb also precieared most CD3associated a monomers 
from sequential anti-CD38 precipitations, demonstrating 
that most CD9associated a monomer complexes also 
contained 3 monomers prior to disuifide-bond formation, 
as predicted by the CD3associated af3 dimerization model 
(see Figure 1, double asterisk). Furthermore, the small 
amount of CD9associated a proteins that were not pre- 
cleared by initial immunoprecipitation with anti-TCRP MAb 
were captured in sequential antiCD3s precipitations and 
existed exclusively as a monomers (Figure 4, lane 3) as 
predicted (see Figure 1, asterisk). That these protein com- 
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Figure 5. Two Pathways of ap Dimerization 
Digitonin lysates of metabolically labeled CD4+CDB+ thymocytes were 
sequentially immunoprecipitated with antiCDh MAb, followed byanti- 
TCRB Mb, followed by anti-TCRa MAb. That immunoprecipitations 
by each specific MAb went to completion was verified by analysis on 
SDS-PAGE gels (data not shown). lmmunoprecipitated material was 
released by boiling in SDS and recaptured with anti-TCRa MAb. Sam- 
ples were analyzed on one-dimensional gels under nonreducing condi- 
tions. The positions of TCRa monomers and TCRaB dimers are indi- 
cated. 
plexes consisted of TCRa monomers associated with 
CD3& proteins was verified by precipitation with anti- 
CD3Sapecific antibody (see Figures 6A and 6B). 
Two Pathways of as Dimer Formation 
To examine simultaneously ail possible pathways of aB 
dimer formation in immature CD4%D6+ thymocytes, we 
performed an immunoprecipitationlreleaselrecapture ex- 
periment on iysates from metabolically labeled CD4+CD6+ 
thymocytes in which lysates were sequentially immuno- 
precipitated with antiCDb MAb to capture CD3-associ- 
ated TCRa proteins, followed by anti-TCFlfI MAb to cap- 
ture CDSindependent TCRa proteins, and finally with 
anti-TCRa MAb, to capture free TCRa proteins. immuno- 
precipitated material was released by boiling in SDS and 
then reprecipitated with anti-TCRa MAb to recapture na- 
scent TCRa chains. Significant amounts of nascent disui- 
fide-linked afl dimers and a monomers were associated 
with CD3 components in CD4+CD6+ thymocytes (Figure 
5, left lanes). However, some number of ai3 dimers and 
a monomers were also recaptured from sequential anti- 
TCRB precipitatesof CD4+CD6+ thymocyte lysates(Figure 
5, middle lanes), indicating that some a monomers associ- 
ate with TCRP proteins and are assembled into ap dimers 
independently of their association with CD3 components. 
As expected, free TCRa proteins captured in sequential 
anti-TCRa precipitates existed exclusively as a monomers 
(Figure 5, right lanes). Note that the faint upper bands 
present in the final anti-TCRa precipitates were not afl 
dimers, as the protein bands were insensitive to endogly- 
cosidases (data not shown). The number of CD9associ- 
ated TCRap dimers increased during the chase period, 
and this increase could be quantitatively accounted for 
by decreased numbers of CDSassociated a monomers 
(Figure 5, left lanes), but could not bs quantitatively ac- 
counted for by decreased numbers of CDSindependent 
afl dimers (Figure 5, middle lanes). Thus, these data indi- 
cate that the CD3-associated pathway is the predominant 
pathway of afi dimer formation in CD4%D6+ thymocytes, 
although a small amount of CD3-independent a0 dimeriza- 
tion occurs. Similar results were obtained in splenic Tcells 
(data not shown). 
It might also be noted that, unlike splenic T cells in which 
most free TCRa monomer proteins were stable (see Figure 
3B), most free TCRa monomer proteins that failed to asso- 
ciate with either CD3 or TCRfi chains were degraded in 
immature CD4+CD6+ thyrnocytes within 15-30 min, as 
their loss during the chase period was not accompanied 
by a commensurate increase in TCRa monomer proteins 
associated with either CD3 or TCRB chains (Figure 5, com- 
pare right lanes with left and middle lanes). These results 
confirm our previous findings regarding the unique insta- 
bility of nascent TCRa proteins within the ER of immature 
CD4+CD6+ thymocytes (Kearse et al., 1994b). 
Formation of a& and Bya Protein Complexes 
in CD4+CD8+ Thymocytes 
In our next set of studies, we evaluated the formation of 
protein complexes consisting of nascent a& and /3~ poiy- 
peptides, as predicted bythe CDSassociated dimerization 
model (see Figure 1). In these studies, we utilized anti- 
CD35 and anti-CDaE antibodies, but we could not utilize 
our immunoprecipitation/release/recapture protocol be- 
cause our anti-TCRB MAb could not recapture denatured 
TCRB chains. Digitonin lysates of metabolically labeled 
CD4+CD6+ thymocytes were immunoprecipitated with 
anti-CD3s, anti-CD36, or antiCD* antibodies and sub- 
jected to one-dimensional SDS-PAGE analysis under re- 
ducing conditions (Figure 6A). TCRa and TCRfl proteins 
in anti-CD3E precipitates could be distinguished from one 
another because of differential processing of their N-linked 
oligosaccharide sidechains (Kearse and Singer, 1994), 
even though their core protein sizes after endogiycosidase 
H (Endo H) digestions were indistinguishable (Figure 6A, 
left lanes). More importantly, it can be seen that nascent 
TCRa proteins were precipitated by anti-CD35 antibody 
but nascent TCRB proteins were not; rather, nascent 
TCRB proteins were isolated in subsequent precipitations 
with anti-CD* MAb (Figure 6A, right lanes). These re- 
sults were confirmed by analysis of such precipitates on 
two-dimensional NEPHGUSDS-PAGE gels, which sepa- 
rate TCRa and TCRB proteins based on both charge and 
molecular weight differences (Figure 6B). Similar results 
were obtained in splenic T cells (data not shown). 
Thus, these data demonstrate that all nascent CD3- 
associated TCRa proteins were assembled into com- 
plexes containing CD35 chains, including a& and aBy& 
complexes, and indicate the existence of BYE complexes, 
as predicted by the CD8associated dimerization model 
(see Figure 1). 
TRAP Association with CD3ys but Not CD3& Pairs 
TRAP is thought to be a molecular chaperone and to func- 
tion in intracellular transport or assembly of the TCR com- 
plex. Consequently, we examined the association of TRAP 
with CD3 components. Digitonin lysates of metabolically 
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labeled CD4+CD8+ thymocytes were precipitated with anti- 
CD3s, anti-CD38 and anti-CD3Ts antibodies and resolved 
by one-dimensional SDS-PAGE under nonreducing con- 
ditions. Although CD36, CD3s, and TRAP proteins are of 
similar molecular weight, analysis under nonreducing con- 
ditions separates TRAP from CD36 and CD3s proteins, 
because these latter proteins exhibit increased mobility 
under nonreducing conditions because of intrachain disul- 
fide bonds (Bonifacino et al., 1988b). As is evident, TRAP 
was immunoprecipitated by anti-CD3Ts MAb but was not 
precipitated by anti-CD36 antibody (Figure 7). Identical 
results were obtained in both CD4+CD8+ thymocytes and 
splenic T cells. Thus, TRAP associates with CD3yE proteins 
but not with CD3& proteins. As precipitation with anti-TCRf3 
MAb never precipitates TRAP from either CD4+CD8+ thy- 
mocytes or splenic T cells (data not shown), we conclude 
that TRAP dissociates from CD~TE complexes prior to their 
assembly with TCRf3 proteins. 
7 
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Figure 6. Formation of pus Complexes in Im- 
mature CD4+CD6+ Thymocytee 
(A) Digitonin lysates of metabolically labeled 
ClX+CDB* thymo~ were immunoprecipi- 
tated with antiCD3s MAb (left lanes), anti- 
CD* MAb (middle lanes), and a&CD36 anti- 
sera, followed by antiC~-speciflc MAb 
(right lanes). Precipitates were digested with 
Endo H and analyzed under reducing condi- 
tions. The positions of TCR proteins are indi- 
cated. Note that nascent TCRa proteins, but 
not nascent TCRf3 proteins, are isolated by anti- 
CD36 antibody. 
(6) Dtgltonin lysates of metabolically labeled 
CD4+CDV thymocytes were sequentially im- 
munoprecipttated with antl-CD36 antibody 
(top), followed by precipitation with anti-CD+ 
Mb (bottom). Preclpltates were analyzed on 
two-dimensional NEPHGEISDSPAGE gels 
under reducing conditions. The posltions of 
TCR proteins are indicated. 
Decressed Association of TCRa Proteins with CD3 
Components In CD4+CD8+ Thymocytes 
Compared with Splenlc T Cells 
Because CD3assembled TCRa monomers represent an 
important intermediary in af3 dimer formation, we wished 
to examine quantitatively the association of newly syntha 
sized TCRa proteins with CD3 components in CD4+CD8+ 
thymocytes relative to splenic T cells. For these studies, 
metabolically labeled cell lysates from CD4+CD8+ thymo- 
cytes and splenic T cells were immunoprecipttated with 
anti-CD3s MAb and analyzed on Wimensionai NEPHGE/ 
SDS-PAGE gels under reducing conditions. It can be seen 
that fewer TCRa proteins associated with CD3 compo- 
nents in CD4+CD8+ thymocytes than in splenic T cells (Fig- 
ure 8, top). Indeed, even though assembly of TCRa pro- 
teins is quantitatively underestimated in mature splenic 
T cells because of competition from preexisting pools of 
unlabeled a proteins (Kearse et al., 1994b), the number 
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Figure 7. TRAP Associates Specifically with CD3rtr Pairs but Not 
cD38~ Pairs in CD4+CDS+ Thymocytes 
Digitonin lysates of metabolically labeled CD4+CDS+ thymocytes were 
tmmunopreclpitated with antiCD3c MAb (left lanes), antiCD3rc MAb 
(middle lanes), or anti-CD36 antibody, followed by antiCD3yc MAb 
(right lanes). lmmunoprecipitates were analyzed on one-dimensional 
SDSPAGE gels under nonreducing conditions. The positions of TCR 
proteins are indicated. 
of radiolabeled TCRa proteins that associated with CD3 
components in immature CD4+CD8+ thymocytes during 
the metabolic labeling period was still only 20% of that in 
mature splenic Tcells. Thus, the initial assembly step in a9 
dimer formation, namely association of newly synthesized 
TCRa proteins with CD3 components, is significantly di- 
minished in immature CD4+CD8+ thymocytes. 
To determine whether TCRa proteins associate with 
CD36 proteins independently of CD3s chains in immature 
and mature T cells, an association that has been demon- 
strated in fibroblasts transfected with a and 6 cDNAs(Soni- 
facino et al., 1990; Cosson et al., 1991; Manolios et al., 
1991) material not precipitated by anti-CD3s MAb was 
sequentially immunoprecipitated with anti-CD36 antibody 
(Figure 8). As is evident, all nascent TCRa proteins were 
assembled with CD3& pairs in both CD4+CD8+ thymo- 
Immpt. 
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cytes and splenic T cells, as no nascent TCRa proteins 
were visible in sequential anti-CD36 precipitates of either 
cell type (Figure 8, bottom). Interestingly, unlike mature 
T cells, most CD36 chains in immature CD4+CD8+ thymo- 
cytes existed as CD3sassociated proteins with only a mi- 
nority existing as free CD36 chains (Figure 8). The signifi- 
cance of this difference between immature and mature T 
cells is uncertain, but it may reflect the possibility that 
pairing of CD36 proteins with CD3c chains is enhanced 
under conditions in which TCRa proteins are limiting. 
Stabilization of Nascent TCRa Proteins in Immature 
Thymocytes by Association with 
CD3 Components 
The assembly of nascent TCRa monomers with CD3 com- 
ponents, and their subsequent disulfide linkage withTCR9 
proteins in CD4+CD8+ thymocytes (see Figure 3A), indi- 
cated that association of TCRa monomers with CD36s 
chains stabilized nascent TCRa proteins in immature thy- 
mocytes. To verify this issue, metabolically labeled lysates 
of immature CD4%D8+ thymocytes were sequentially im- 
munoprecipitated with anti-CDh MAb (to isolate CD3 
assembled a proteins), followed by immunoprecipitation 
with a mixture of anti-TCRa and anti-TCR3 MAbs (to iso- 
late all unassembled TCRa and TCRf3 proteins) (Figure 
9, top and middle). lmmunoprecipitates were analyzed on 
two-dimensional NEPHGEISDS-PAGE gels under reduc- 
ing conditions. To aid in visualization and quantftation 
of TCRa proteins, size and charge microheterogeneity 
among TCRa proteins were minimized by treatment of 
immunoprecipitates with PNGase F glycosidase to re- 
move oligosaccharide side chains. As is evident, most na- 
scent TCRa proteins synthesized in immature CD4+CD8+ 
thymocytes did not survive 30 min of chase, whereas most 
TCRf3 and CD~E proteins did survive (Figure 9, bottom). 
The instability of nascent TCRa proteins in immature thy- 
mocytes was related to its assembly status, as unassem- 
bled TCRa proteins were rapidly degraded during the 
chase period (Figure 9, middle) but CD3-associated a pro- 
teins were clearly stable (Figure 9, top). Thus, we conclude 
that formation of CD3-associated a complexes stabilizes 
nascent TCRa proteins in immature CD4+CD8+ thymo- 
cytes. 
CD4+CD8+ Thymocytes Splenic T cells 
mAb: l-l’ OH- H’ OH- 
Figure 3. Nascent TCRa Proteins Assemble 
with CD3&r Pairs in CD4+CDS+ Thymocytes 
and Splenic T Cells 
Digitonin lyeates of metabolically labeled 
CD4+CDS+ thymocytesand splenic T cells were 
sequentially immunoprecipitated with anti- 
CD3e MAb, followed by anti-CD33 antibody. 
Precipitates were analyzed on two-dimensional 
NEPHGELSDS-PAGE gels under reducing 
conditions. The positions of CD33, CD3s, and 
TCRa proteins are indicated. Arrow indicates 
an unknown protein, which specifically copre- 
cipitates with free CD36 proteins in both imma- 
ture and mature T cells. 
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Immpt. mAb H+ 30 min. pulse OH- H+ 30 min. chase OH- Figure 9. Assembly of Nascent TCRa Proteins 
with CD3 Chains Stabilizes TCRa Proteins in 
Immature CD4+CDB+ Thymocytes 
Anti-CD3e 
I 
Anti-TCRa 
Anti-& 
Digitonin lysates of metabolically labeled 
CM+CDC thymocytes were sequentially im- 
munoprecipitated with anti-CDh MAb to cap- 
ture TCRa proteins assembled with CD3. fol- 
lowed by immunopreoipitation with both 
anti-TCRa plus anti-TCR3 MAb to capture un- 
assembled TCRa and TCR3 proteins. Precipi- 
tates were treated with PNGase F to remove 
N-linked oligosaccharides and analyzed on 
two-dimensional NEPHGEBDS-PAGE gels 
DiscussIon 
The current study has examined and compared the molec- 
ular interactions involved in formation of disulfide-linked 
a8 heterodimers in immature CD4+CD8+ thymocytes and 
mature splenic T cells. Rather than occurring spontane- 
ously and independently of other protein interactions, we 
found that formation of most disulfide-linked a8 dimers 
occurred only after association of nascent TCRa monomer 
proteins with CDS& components and subsequent associ- 
ation with TCR8+ trimers. Association of TCRa mono- 
mer proteins with CD3& components was quantitatively 
diminished in immature CD4+CD8+ thymocytes relative to 
mature splenic T cells. Interestingly, we found that associ- 
ation of TCRa monomers with CD3 components stabilized 
nascent TCRa proteins, which otherwise were rapidly de- 
graded within the ER of immature CD4+CD8+ thymocytes. 
Thus, the present study provides direct evidence that as- 
sociation of TCRa monomer proteins with CD3& compo- 
nents is the initial step in a8 dimer formation in normal 
murine T cells and demonstrates that association of na- 
scent TCRa proteins with CD38& chains is a limiting step 
in a8 dimer formation in immature CD4+CD8+ thymocytes. 
The role of CD3 components in disulfide bond formation 
between TCRa and TCR8 polypeptides has been contro- 
versial, as evidence exists for both CD3-independent and 
CD3associated a8 dimerization pathways in various cell 
types, including T hybridoma variants, T cell leukemia% 
and nonlymphoid cells transfected with cDNAs encoding 
TCR proteins (Bonifacino et al., 1988a; Manolios et al., 
1991; Alarcon et al., 1988; Koning et al., 1988). Asshown 
in the present study, determination of the molecular inter- 
actions involved in a8 dimerization in normal T cells is 
complicated by the potential existence of alternative as- 
sembly pathways and by differential stabilities of unas- 
sembled a and 8 proteins in the ER of immature thymo- 
cytes and mature T cells. To overcome these problems, 
we devised a novel immunoprecipitation/release/recap 
ture protocol, which allowed us to identify rigorously the 
mocytes (data not shown). 
disulfide-linkage status of unassembled and assembled 
TCRa proteins. Indeed, we detected in both immature thy- 
mocytes and mature T cells two important assembly inter- 
mediates containing TCRa proteins that exist prior to the 
formation of a8 disulfide bonds and consist of CD3- 
associated a monomers, and CD3associated a mono- 
mers further complexed to 8 monomer proteins. These 
results are consistent with previous observations that non- 
disulfide-linked TCRa proteins can associate with CD3 
components (Alarcon et al., 1988; Koning et al., 1988; 
Manolios et al., 1991), but the present results importantly 
extend these observations by demonstrating that CD3 
associated TCRa monomer proteins are, in fact, interme- 
diates in the a8 dimerization pathway and are present in 
normal T cells. Consistent with the CD3-associated path- 
way of a8 dimerization, we also detected protein com- 
plexes consisting of nascent TCR8 proteins associated 
with CD3ys chains, which existed independently of na- 
scent TCRa proteins. Because of significant amounts of 
preexistent TCR3 protein pools in both CD4+CD8+ thymo- 
cytes and splenic T cells (Kearse et al., 1994b), we were 
unable to demonstrate in the present study that such DYE 
complexes represented true intermediates in the a8 dimer- 
ization pathway. However, we believe that such 8~ com- 
plexes do, in fact, represent intermediates in the TCR as- 
sembly pathway, since mature TCR complexes contain 
these proteins. 
From transfection studies of chain pairing (Cosson et 
al., 1991; Manolios et al., 1991) it is known that TCRa 
monomer proteins are able to associate directly with CD38 
chains. Consequently, initial association of a monomers 
with CD3 components in immature thymocytes and ma- 
ture T cells may involve initial association of TCRa and 
CD38 chains, which then rapidly complex with CD3s 
chains to form a& complexes. This point remains specula- 
tive, since we were unable to detect formation of CD~E- 
independent dimers of a and S in either immature thymo- 
cytes or mature splenic T cells. In fact, we noted during 
the course of these studies that the majority of nascent 
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CD36 proteins exist in association with CD3tz chains in 
immature CD4+CD8+ thymocytes, but exist as free CD36 
proteins in mature splenic T cells. The significance of this 
finding remains to be determined, but we think that forma- 
tion of CD3& dimers may be a secondary consequence 
of the diminished availability of TCRa proteins in immature 
CD4+CD8+ thymocytes, since we have observed formation 
of similar 6s complexes in mature T cells under conditions 
in which nascent TCRa proteins are destabilized and rap- 
idly degraded (unpublished data). 
The present study identifies the initial association of 
?CRa monomer proteins with CD3 components as an un- 
expected and limiting step in the formation of disulfide- 
linked ap dimers in immature CD4+CD8+ thymocytes. That 
the initial association of TCRa monomer proteins with CD3 
components is limiting in immature CD4+CD8+ thymocytes 
provides an explanation for our previous observation that 
afl dimer formation in immature CD4+CD8+ thymocytes is 
as profoundly decreased for a matched pair of TCRa and 
TCRP transgenic proteins as for random pairs of TCRa 
and TCRP endogenous proteins (Kearse et al., 1994b). If 
the fate of newly synthesized TCRa proteins in the ER 
of immature CD4+CD8+ thymocytes were the outcome 
of a race between a@ dimerization and ER degradation, 
matched pairs of a and p transgenic proteins should have 
been much more successful in avoiding ER degradation 
than random pairs of a and fl endogenous proteins. How- 
ever, the present study demonstrates that survival of newly 
synthesized TCRa proteins in the ER of immature 
CD4+CD8+ thymocytes depends upon their initial associa- 
tion with CD3 components prior to their dimerization of B 
proteins, which would not be affected by whether the a 
and B proteins were matched or randomly paired. 
Finally, the present study documents that TRAP, be- 
lieved to function in intracellular transport or assembly 
of the TCR complex, selectively associates with CD3y& 
proteins but not CD3& proteins in both immature and ma- 
ture T cells. This demonstrates that TRAP specifically as- 
sociates with CD3ys pairs in any murine T cell type and 
significantly limits the potential role that TRAP can perform 
in TCR assembly to formation of fly& intermediates. Inter- 
estingly, the human analogue of TRAP, the o protein, has 
been reported to associate with numerous TCR compo- 
nents in human T cell lines, including TCRa proteins, 
TCRB proteins, and CD3& chains (Alarcon et al., 1988; 
Pettey et al., 1987). The reason for these differences are 
unknown, but may reflect different assembly requirements 
in human and murine T lymphocytes. 
In conclusion, the present study documents that CD3 
components play a direct role in the formation of most 
disulfide-linked afl dimers in normal T cells and identifies 
the initial association of TCRa monomer proteins with CD3 
components as a limiting step in the formation of disulfide- 
linked afi dimers in immature CD4+CD8+ thymocytes. 
IExperImental Procedures 
Animals and Cell Prepamtlon 
C57BU6 (B6) mice 5-9 weeks of age were obtained from the Jackson 
Laboratory (Bar Harbor, Maine). CD4+CD9+ thymocytes were isolated 
by their adherence to pIa& p&tea c0ated with anti-CDs MAb (9Sl2-5), 
and were typically > 95% CM+CD(r ae described (Boniino et al., 
1999). Purified splenic T cells were obtained by incubating single cell 
suspensions of spleen cells on rabbii anti-mouse immunogbbulin (Or- 
ganon Technika-Cappei, Malvem, Pennsylvania)-coated tiesue cul- 
ture plates for 50 min at 37OC, followed by isolation of nonadherent 
cells. The resultant cell populations were > 95% CD3E+ as determined 
by surface staining with MAb to CD3&. 
Met&ollc L&ellng md Immunopmclpitation 
For metabolic labeling, cells were resuspended at 10 x 10 cell/ml 
in methionine-free RPM1 1640 media (Biiukls, Rockville, Marytand) 
containing 10% fetal calf eerum and IO mCi [sS]methionine (trams 3 
label; ICN Biomedical, Irvine, California) for 30 min at 37OC. Immune- 
precipitation was performed following eolubllization of cells in lyeie 
buffer (20 mM Tris, 150-300 mM NaCI. 10 mM bdoacetamide, 20 ug/ 
ml leu&ptin, 4O~glmlaprotinin)containing l%digitonin(Wako)or 1% 
NP-40 (Calbiochem) for 25 min on ice. Cell lyeatee were centrifuged to 
remove insoluble material and lyeatee mixed with appropriate antibcd- 
ies preabsorbed to protein A-Sepharoee (Pharmacia) or protein 
G-Sepharoee (Pharmacia) and incubated for 3 hr at 4OC. Precipitate8 
were washed three times in iyeis buffer containing 0.2% detergent, 
followed by one wash in phosphate-buffered saline. Sequential precipi- 
tations and giycosidaee treatment were perfom ae previously de- 
scribed (Kearse et al., 1993). 
lmmunoprecipitaticn/relea&recaptum experiments were performed 
as follows. Samples were solubiliied in 1% digitonin @is buffer and 
immunoprecipitated ae deecribed above. Precipitates were eolubilized 
in5Oplofl%SDS,boiledfor5min,andlmlofl%NP-4Olyeiebuffer 
was added. Samples were cooled on ice for 5 min, then centrifuged; 
supematants were removed and precleared for 50 min with protein 
A-Sepharoee beads. Samples were centrifuged again, supematante 
removed, and precipitated with antibody abeorbed to protein A-Sepha- 
rose. Secondary precipitates were waehed three times in 1% lysis 
buffer containing 0.2% NP-40, followed by one wash in phosphate 
buffered saline. Recovery of material in such r&a&recapture experi- 
ments was > 90% of that isolated in primary immunoprecipitatione, 
and analysis by lwodimeneionai NEPGHOSDS-PAGE gels revealed 
exclusively radiolabeled TCRa protein but not radiiabeled TCRB prc+ 
tein (data not shown). The following MAbe were used for immunopre 
cipitation in this study: anti-@, anti-(X& 145-2Cll (Let et al., 1997), 
antiCD3ys 7D9 (Coulie et al., 1991), anti-TCRa H29-710 (Becker et 
al., 1999), and anti-TCRB H57-597 (Kubc et al., 19S9). The following 
antiserum was used: anti-CD33 R9 antieerum (Sameleon et al., 1995). 
Gel Electrophofwls cmnd lmmunoblottlng 
Samples were analyzed on two-dimensional nonreducing x reducing 
SDS-PAGE gels and two-dimensional NEPHGE/SDS-PAGE gels as 
previously described (Kearse et al., 1994a). For immunoblotting, eam- 
pies were probed with antisera in phosphate-buffered saline containing 
5% milk and 0.02% NaNs, followed by ‘sl-labeled protein A (IO rCl/ 
ml) (ICN Biomedical, Irvine, California). Multiple autoradiiraphs of 
different exposures were scanned tc ensure linearity of densitometry 
analysis. 
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